INTRODUCTION

1
Modern swine management practices have undergone extensive changes during 2 the last two decades in an effort to improve animal production efficiency, to reduce 3 animal mortality, and to provide safer, higher quality animal products (Barker et al., 4 1996) . These improvements in production efficiency have transformed the infrastructure 5 of the swine industry, and have permitted the effective management of larger populations 6 of animals on production sites. The expansion of concentrated animal feeding operations 7 (CAFOS) throughout the United States has catalyzed an increased awareness by the 8 general public and governmental agencies for the potential impacts of these facilities on 9 water and air quality (Schiffman et al., 1995; Whitten et al., 1997) . Recent air quality 10 studies have shown that CAFOS can adversely affect air quality through the release of 11 odor (Jacobson et al., 1997a; Zahn et al., 2000) , and odorous compounds such as 12 hydrogen sulfide (H 2 S) (Jacobson et al., 1997b) , ammonia (NH 3 ) (Asman, 1995; Eklund 13 and LaCosse, 1995; Sharp and Harper, 1998) , and volatile organic compounds (VOCs) 14 (Zahn et al., 1997; Zahn et al., 2000) . 15 Efforts to remediate odor from swine production facilities have been impeded by 16 the lack of instruments capable of high-throughput, objective odor measurements. The 17 desire to develop high-throughput, inexpensive methods of odor quantification has been 18 the impetus for several recent investigations that have focused on defining relationships 19 between gas concentration of odorants emitted from animal manure and odor intensity 20 measured by olfactory methods (Hobbs et al., 1995; Jacobson et al., 1997a; Jacobson et 21 al., 1997b; Obrock-Hegel 1997; Pain et al., 1990; Zahn et al., 2000) . Obrock-Hegel 22 (1997) , found that nutritional manipulation of amino acid intake reduced NH 3 , cresols, 23 and indoles measured in air samples from production environments. However, no 24 reduction in odor concentration was observed between control and treatment samples.
25 Schulte et al. (1985) and Hobbs et al. (1995) , linked high levels NH 3 to odor. 26 Unfortunately, the latter authors noted that the relationship between NH 3 and odor could 27 not be universally applied to all farms, especially when they differed in the type of 28 manure management system utilized. The use of H 2 S as a surrogate of livestock waste 29 odor has also proven to be a formidable challenge. Jacobson et al., (1997a) evaluated 30 odor and H 2 S concentration in air from approximately 60 different pig, dairy, beef, and 31 poultry manure storage units on farms in Minnesota. Low correlation was observed 1 between H 2 S and odor concentration for manure storages based on a species comparison 2 and for production systems grouped according to manure management system type (pit, 3 basin, and lagoon). The study further suggested the possibility that chemical odorants 4 other than H 2 S (i.e., VOCs) were responsible for swine odor. In support of these 5 findings, Powers et al., (1999) recently demonstrated that solution-phase concentrations 6 of several VOCs present in anaerobic digester effluent were positively correlated with 7 odor intensity. However, the solution-phase concentration of VOCs did not predict odor 8 intensities well enough to suggest that human panels should be eliminated. Data quality 9 in the latter study were likely adversely influenced by the fact that odor responses were 10 correlated to solution-phase concentrations of odorants, rather than to direct 11 measurements of odorants present in air samples presented to panelists. Previous studies 12 have established the importance of using air-phase concentrations of odorants when 13 performing correlations to odor concentration, since VOC volatilization rates are highly 14 matrix-dependent (Hobbs et al., 1995; MacIntyre et al., 1995; Zahn et al., 1997) . 15 Problems associated with matrix-dependent odorant volatilization were recently 16 overcome by performing direct multicomponent analyses of air samples that were 17 simultaneously evaluated for odor intensity by human panels (Zahn et al., 2000) . By 18 using this sampling approach, it was shown that odor intensity from 29 swine production The aims of this study are similar to that of Zahn et al., (2000) in our desire to 26 develop an instrument-based odor quantification method for CAFOS that is based on the 27 air concentration of specific odorants. In addition to this aim, there is currently a need to 28 define olfactory properties of odorant reference standards that were previously described 29 by Zahn et al., (2000) . (Stevens, 1957 (Stevens, , 1961 (Stevens, , 1962 reported between a range of 0 and 200 relative odor intensity units.
13
Magnitude estimation studies have shown that the perceived magnitude of a 14 stimulus is a power function of the intensity of the stimulus (Stevens, 1957 (Stevens, , 1961 (Stevens, , 1962 . intensity of the stimulus (odorant concentration).
22
The magnitude estimation technique was used with a human panel of 14 subjects.
23
The panel ranged in age from 18 to 40 years and was composed of an equal number of 24 male and female subjects to minimize gender bias. In the first stage of the study, subjects were selected based on their universal presence in air samples from swine production 9 facilities and/or due to their low olfactory detection thresholds.
10
The order in which the first 12 subjects sampled the odorants was balanced using for one comparison is shown in Fig. 2 . The identity and properties of compounds 3 separated in these chromatograms are described in Table 1 The ability to maintain a constant emission rate of VOCs at the olfactory 8 sampling port during the course of the olfactory evaluation period was considered a 9 critical element in the success of the study. Therefore, preliminary investigations were 10 conducted on synthetic swine odor solutions that were placed in the dynamic emission Table 3 .
5
The effect of the solution concentration on VOC emission rate was tested for each 6 of the seven VOC concentrations used in olfactometric trials. Solution concentration of 7 acetic acid was found to be proportional to the emission rate of acetic acid over the 8 concentration range tested (Fig. 4) . The relationship between solution concentration and 9 emission rate of all other VOCs present in synthetic swine odor solutions was observed to 10 be essentially identical to the emission behavior exhibited by acetic acid. These results
11
indicate that the emission chamber delivers a highly reproducible and relatively constant 12 concentration of odorants to the nose cone during the length of time that was required to 13 complete olfactory evaluations of the odorant samples.
14 15
Panel and Scale Development
16
Three olfactometric trials (n = 504) were conducted on the synthetic swine odor 17 Z2 and the six serial dilutions of this stimulus using a human panel of 14 individuals.
18
The mean perceived magnitude of stimuli (P) and the physical intensity of stimuli (I) for Law and that variance in these measurements was minimal.
24
Several points should be noted in the analysis of Table 4 . First, the value of b (the 25 power to which I is raised) provides a measure of the slope of the best fitting curve. Stevens, 1961 Stevens, , 1970 Stevens, , 1975 produced reliably greater mean odor intensity ratings than others. The mean rating for 22 each of the solutions and standard error are shown in Table 5 .
23
Analysis of data for determining synergistic/antagonistic interactions between 9 24 odorants present in synthetic swine odor Z2 was completed using Fisher's LSD statistic.
25
The value of Fisher's LSD for odorant interactions was 13.52 odor intensity units, 26 meaning that any of the mean ratings differing by more than 13.52 are reliably different.
27
Odorant solutions containing a 2-fold higher concentration of acetic acid gave mean 28 perceived odor intensity scores that were statistically higher than the standard, while 29 solutions containing 2-fold higher concentrations of 4-ethyl phenol gave statistically 30 lower odor intensity scores than the standard (Table 5 ). Other treatments in this series 1 were found to be statistical equivalent.
2
The concentration of odorant solutions evaluated in this study were found to elicit 3 a strong effect on mean perceived odor intensity scores. The value of Fisher's LSD 4 statistic for concentration data was 9.59 odor intensity units ( corroborated by the high level of statistical significance for the analysis (F(9,51) = 40.14, 19 p < 0.0001). Table 7 coefficients. These results indicated that all of the terms presented in Table 7 to assess the odor intensity associated with laboratory-generated swine odor samples.
5
Using this approach, we have demonstrated that panelist training and screening was not 6 necessary to achieve accurate quantification of the perceived odor intensity. VOCs that were present in odor plumes from swine production facilities could be used to 9 predict odor intensity associated with swine production. Qualitative analyses of VOCs 10 present in air samples from four types of swine manure management systems showed that 11 high odor intensity was associated with relatively intense gas chromatographic profiles; 12 however, these profiles were chemically-simplistic in nature when compared to the 13 chromatographic profiles from low-odor lagoon systems that had lower intensity and VOCs that are present in air samples from swine production facilities can be applied to 26 predict the odor intensity associated with swine production systems. measurements were: flow rate = 950 ml*min -1 (total chamber flow = 1000 ml*min -6 1 ), sampling period = 60 minutes, air and solution temperature = 21° C, relative 7 humidity = 62%, and active surface area of emission chamber = 9.62 cm 2 .
8 ‡ = Combined concentration from acetic acid and ammonium acetete. FIGURE 2. Chromatographic profiles of organic compounds present in A) an air sample taken in the odor plume from a high-odor swine manure basin, B) a liquid sample taken from the same basin in A and then placed in the dynamic emission chamber, and C) synthetic swine odor Z2 placed in the dynamic emission chamber. Chamber operation parameters were identical for samples B and C. Chromatographic peak reference numbers correspond to compounds listed in Table 1 .
FIGURE 3. The emission rate of select VOCs in synthetic swine odor Z2 from the dynamic emission chamber over a three hour operation period.
FIGURE 4.
The effect of solution concentration on emission rate of acetic acid from the emission chamber over a one hour sampling period. The mean and standard deviation for four independent samples at each concentration of the odorant solution is shown.
